Abstract The condensation and evaporation of n-heptane at 298 K in mesopores of silica material obtained by the polymer templating method have been studied by PALS measurements. It is demonstrated that the ortho-positronium lifetimes and intensities provide valuable information on pore filling and emptying which are not accessible from a conventional adsorption experiment. The results confirm the specific adsorption mechanism of n-heptane in pores with narrow openings (ink-bottle shape) which is different from that known for other pore geometries. The results from PALS experiment are compared to those derived from the conventional n-heptane and nitrogen adsorption data.
Introduction
The pore structure of solids is of significant importance for their numerous applications. The most commonly used methods of pore characterization are those based on the meniscus curvature of the liquid filling the pores and the phase transitions within the pores. Gas adsorption experiments are the most popular and the standard approach to pore characterization. The results which are provided by the adsorption method strongly depend on the interpretation of the adsorption isotherms. Correct interpretation of the adsorption data requires complete and precise description of the related mechanisms (e.g., the adsorbate multilayer formation on the solid surface or adsorbate condensation). Generally, all types of phase transitions at different stages of adsorption must be known. Depending on the porosity type, the shape of pores and their interconnections, the mechanism of gas adsorption and desorption is different. Therefore, the filling of pores and their emptying are accompanied by pore blocking, cavitation, formation of free volumes at liquid-solid interface and changes of the liquid condensate density. The above mentioned factors make the interpretation of adsorption data quite complex. Thus, many other methods have been developed for investigations of the pore systems in solid materials (Brun et al. 1977; Stefaniak 1992, 1994; Furtado et al. 2011; Krause et al. 2011; Pikus et al. 2010; Schüth et al. 2002; Smarsly et al. 2001) . Recently, one of the most promising techniques for these purposes seems to be the method based on measurements of the positronium (i.e., bound state of positron and electron) annihilation lifetime. Positron annihilation lifetime spectroscopy (PALS) makes it possible to characterize of many types of free volumes within a wide range of pore sizes, regardless of whether they are present in solid or in liquid (Goworek et al. 1997 (Goworek et al. , 1998 He et al. 2007; Koshimizu et al. 2008; Kullmann et al. 2010; Thraenert et al. 2007; Zaleski et al. 2003 Zgardzińska and Goworek 2010 .
The present paper focuses on PALS study of adsorption of n-heptane on silica gel derived from a polymer-silica composite. This silica material shows non-typical pore structure which results from the applied preparation procedure (Halasz et al. 2011; Zaleski et al. 2012a) . The state of the adsorbate phase during successive stages of pore filling and pore evacuation is deduced from PALS results. The observed effects are correlated with the basic characteristics derived from the conventional adsorption isotherms.
Experimental

Materials
The silica gel preparation, used in this experiment was in detail described earlier in references (Halasz et al. 2011; Zaleski et al. 2012a ). The commercially available Amberlite XAD7HP supplied by ROHM and HAAS (now Dow Chemical Co.) was used as a polymer porous template. The polymer/silica composite was obtained after hydrolysis and condensation at pH = 0.44 of the silica source (tetraethoxysilane, TEOS, Sigma-Aldrich, 98 %) embedded in polymer beads. The spherically shaped silica gel particles without the organic substrate were prepared by calcination of the composite in air at 550°C for 12 h.
Characterization methods
Low-temperature nitrogen adsorption
N 2 adsorption isotherms were measured at 77 K using Quantachrome 1CMS volumetric adsorption analyzer. The investigated sample was outgassed, prior to the adsorption measurements, for 12 h at 473 K. The standard BET method was used to evaluate the specific surface area. The total pore volume was determined from single point adsorption at p/p 0 = 0.985. The pore size distribution in the mesopore range was calculated by the NLDFT equilibrium model for cylindrical pore geometry using Quantachrome's proprietary Autosorb 1.51 software.
N-heptane adsorption
N-heptane adsorption isotherm on the investigated silica gel was measured at 293 K thanks to the courtesy of Micromeritics Instrument Corp. as a project PR120111-001, using ASAP 2020 V4.00 (V4.00 H) volumetric adsorption analyser.
SEM
SEM studies were conducted on FEI Quanta TM 3D FEG microscope.
PALS
A standard ''fast-slow'' delayed coincidence spectrometer was used for positron annihilation lifetime spectra measurement. BaF 2 scintillators coupled with Photonis XP 2020Q photomultipliers, as well as wide energy windows assured a high detection efficiency. Over 1.7 9 10 7 coincidences in each spectrum were detected during 4 h using 0.5 MBq 22 Na positron source sealed in an 8 lm Kapton envelope. The efficiency was obtained at the expense of the resolution width. The resolution function had to be approximated by two Gaussians (their FWHMs were 285 and 413 ps and contribution of 72 and 28 %, respectively). LT9.2 program (Kansy 1996) as well as MELT program (Shukla et al. 1993; Zaleski 2006) were used for analysis of PALS spectra.
The gas dosing system was coupled with a vacuum chamber, where a sample-positron source-sample sandwich was placed. Before n-heptane introduction into the sample the degassing procedure was applied to the alkane three times. It consisted in freezing n-heptane in liquid nitrogen followed by pumping out impurities while n-heptane was slowly melting. Series of PALS measurements at various n-heptane pressures was conducted at room temperature.
Results and discussion
At first the investigated silica gel morphology and internal structure of the particle were probed by SEM. The results (not shown) confirm that the silica beads preserved a spherical shape of initial polymer and are mechanically stable after calcination and elimination of the polymer matrix. The very fine primary particles, having a diameter in the range from 6 to 10 nm, constituting the internal structure of the silica gel beads are very densely packed. It should be emphasized that the porosity of the investigated samples consists of irregular voids which are typically interconnected, between the irregularly aggregated primary particles.
The nitrogen and n-heptane adsorption isotherms on silica gel under study are given in Fig. 1 , whereas the parameters characterizing the porosity of the investigated silica obtained from the low-temperature nitrogen adsorption experiment are as follows: the specific surface area, S BET = 1,135 m 2 /g, the pore volume V p = 1.06 cm 3 /g and the average pore size D m = 4V p /S BET = 3.7 nm. The parameters obtained from n-heptane adsorption experiment are: 706 m 2 /g, 0.83 cm 3 /g, 4.7 nm, respectively. A continuous and almost linear increase of nitrogen as well as n-heptane adsorption within a wide pressure range is observed for the discussed silica gel, which suggests that the pore sizes are irregular. The shape of the hysteresis loop present in the N 2 isotherms suggests the presence of ink-bottle or spherically shaped pores.
The pore size distributions (PSD) presented in Fig. 2 are of complex character and indicate that the pore sizes ranging from micro-to mesopores. Moreover, the difference between the uptake of n-heptane and nitrogen on the investigated silica gel is significant. One can assume that the differences in n-heptane and N 2 molecular size and shape, as well as the structure of the adsorbed layer are the main reason for this discrepancy. A steep raise of the N 2 adsorption isotherm at a low relative pressure indicates the presence of micropores, while from n-heptane adsorption isotherm one can conclude that this part of the pore system of the investigated silica gel is partially inaccessible for this alkane. Precise knowledge of n-heptane adsorption and desorption mechanism may be useful in an appropriate internal pore structure characterization of the investigated silica. Therefore, the PALS which turned out very useful method to investigate the free space evolution during n-heptane adsorption and desorption (Zaleski et al. 2012b ), was used.
The PSD derived from PALS spectra (Zaleski et al. 2011 ) measured for the studied samples before n-heptane adsorption is also given in Fig. 2 . As can be seen PALS and NLDFT methods give similar average pore sizes with a maximum of mesopore diameter near D *3.5 nm.
The parameters obtained from the analysis of positron annihilation lifetime spectra collected during n-heptane adsorption and desorption are presented in Figs. 3, 4, 5, 6 . For the studied silica gel-n-heptane system the PALS spectra should be divided for five components in order to obtain the acceptable fit in whole range of pressures. Moreover, it is consistent with MELT results obtained for silica gel before n-heptane introduction. Two components of a very short lifetime are ascribed to para-positronium (fixed at its known vacuum value 125 ps due to a relatively wide resolution function) and free positron annihilation (changing between about 600 ps for empty pores and 390 ps for pores filled with n-heptane). The former one is typically ignored due to great uncertainties and they are therefore ignored in the present discussion. The remaining components are the result of ortho-positronium (o-Ps)
pick-off annihilation and may be ascribed to the groups of pores of various diameters present in the system (Lynn et al. 2003) . Their origin is different at various stages of nheptane adsorption or desorption. Figure 3 shows the lifetime s 5 and the intensity I 5 of the longest-lived component (LLC) at a various equilibrium pressures of n-heptane. The LLC component represents free volume of pores, or, more precisely, the core of pores, when the filling of pores is in progress. At the beginning of the adsorption experiment, i.e. when p/p 0 = 0, the component mean lifetime is equal s 5 & 76 ns which corresponds, according to the ETE model (Goworek et al. 1997 , Goworek et al. 1998 , to D & 4.6 nm. Lognormal distribution of lifetimes in this component had to be assumed in order to obtain a satisfying fit. Its width estimated as a standard deviation of the distribution is equal r 5 & 27 ns, what corresponds to the distribution of sizes 2.8-8.4 nm. During adsorption the LLC mean lifetime slightly increases in the whole pressure range, which is accompanied initially by width decrease of the lifetime distribution. The uncertainty of r 5 becomes quite big at higher pressure, but the standard deviation seems to stabilize. Nevertheless, comparing roughly the constant dispersion r 5 to the increasing s 5 we can see that the relative width of lifetime distribution still decreases (Fig. 4) . These changes clearly indicate that along with the pressure increase smaller free volumes are filled with n-heptane leaving larger ones empty. When the pressure reaches the value p/p 0 = 0.8 a low intensity of this component does not allow us to determine mean lifetime and width of lifetime distribution of the LLC with reasonable accuracy. The LLC disappearance is associated with complete filling of all accessible mesopores with n-heptane molecules. During desorption a similar but not identical dependence of s 5 and r 5 on pressure is observed.
Interesting is the fact that at the highest pressure of n-heptane both parameters increase along with the decreasing pressure. It reflects the appearance of larger and larger free spaces in n-heptane just below the pressure at which emptying of the pores begins. Then, below p/p 0 = 0.5 the tendency is the same as during adsorption, but until the pressure reaches p/p 0 = 0.2 a hysteresis loop is observed. In addition the o-Ps component intensity changes, which are pronounced in the whole pressure range, provide a valuable information about the mechanism of n-heptane adsorption. It is common to assume that this parameter is, as the first approximation, proportional to the relative surface of free volumes constituting porosity of the investigated material. The modifications of pore sizes are highly expected during the adsorption and desorption. At a low pressure LLC intensity increase being attributed to the development of the specific surface inside the pores is observed. It can be assumed that as the pressure increases up to p/p 0 & 10 -1 , n-heptane molecules are adsorbed onto an accessible surface, first as individual species, and then they form ''isle'' type structures of various sizes. Therefore, initial development of the surface occurs. When the pressure continues to increase the I 5 intensity (LLC) is decreasing because part of the pores is filled with a liquid due to the capillary condensation. On the basis of the presented pore size distribution (Fig. 2) one can conclude that the pore sizes of this specific silica gel are highly nonuniform. Therefore, it can be expected that during n-heptane adsorption fragments of the pore network are filled by n-alkane, while occluded bubbles and empty pore segments are present in the remaining part of the network. Further pressure increase causes collapsing of the bubbles and closing of all free volumes, and as a result the LLC simply disappears, i.e., its intensity becomes negligible. In the pressure range from p/p 0 = 0.75 to p/p 0 = 1 the LLC intensity is virtually equal zero regardless of the direction of the pressure change. Pressure reduction from p/p 0 = 0.75 to p/p 0 = 0.25 causes increase of the LLC component intensity. It can be attributed to the successive appearance of free volumes in n-heptane filling the silica gel network, according to the interpretation of o-Ps intensity mentioned above. It should be emphasized that in this pressure range the hysteresis of the longest-lived o-Ps component intensity is evident. In the three-dimensional network of the investigated silica gel pores constrictions and openings can be present. Therefore, in such a network bubble collapse, occurrence or disappearance of empty pore segments are not necessarily reversible. Indeed, the LLC intensity desorption curve goes below the adsorption curve, which proves that lower pressures are required to empty the pores than to fill them. Moreover, it should be noted, that the shape of pressure intensity dependence is similar to the shape of the conventional nitrogen adsorption/desorption isotherm. The difference of the sequence of desorption and adsorption branch of hysteresis in adsorption and PALS experiment is obvious if one takes into account that in the former case the amount of adsorbed nitrogen is measured and in the latter, the free volumes present within the partially filled pores are registered.
Before n-heptane loading the medium-lived o-Ps component (MLC) probably represents the tail of the pore size distribution corresponding to smaller sizes. It indicates that routinely assumed lognormal distribution of lifetimes in LLC does not perfectly represent the real distribution. However, a very low intensity of this component (I 4 \ 1 %) shows that the discrepancy is insignificant. Increasing n-heptane pressure results in a very distinct, almost linear increase of I 4 , which finally reaches the value over 30 % (Fig. 5) . Simultaneously, the MLC lifetime heads for s 4 & 3.7 ns, which is characteristic of liquid n-heptane at room temperature and under saturation pressure (Zgardzinska and Goworek 2012b). A different behaviour of MLC parameters is observed during desorption, when n-heptane removal, indicated by I 4 decrease, starts below p/p 0 = 0.6. Then, its decrease at the rate similar to that observed during adsorption is observed. Finally, most of the remaining n-heptane, as detected by MLC intensity I 4 , is removed in a narrow p/p 0 = 0.3-0.2 range. The presence of hysteresis and irreversibility of adsorption in a wide pressure range illustrate continuous condensation and evaporation of the adsorbate. This testifies to the presence in the sample mesopores having different diameters. The shape of the hysteresis loop follows the shape of that recorded in N 2 adsorption experiment. It is worth noting, that the sequence of both branches of hysteresis loop for MLC is the same as in the conventional adsorption experiment.
The shortest-lived component (SLC) represents a group of free volumes of very small sizes (lifetimes s 3 in the range 1.4-2.5 ns corresponding to 0.36-0.54 nm), which are relatively insensitive to n-heptane pressure (Fig. 6 ). SLC shows a quite similar shape of the hysteresis loop as in the case of MLC, but the sequence of branches representing adsorption and desorption are reversed. During adsorption the I 3 intensity rapidly increases along with the increasing pressure, then becomes stable in the range p/p 0 = 0.4-0.6, and finally decreases along with further pressure increase. When the pressure above the sample decreases the SLC intensity remains stable within the pressure range p/p 0 = 0.2-1.0. However, the SLC intensity changes are fully reversible in the range from p/p 0 = 0.2 to p/p 0 = 0. In the sample without adsorbate at p/p 0 = 0 the SLC intensity is still observed (I 3 & 1.4 %), and can be attributed to the tail of the pore size distribution as in the case of MLC. The hysteresis effect can be explained relatively easily if the observed small free volumes are assigned to the free space between the adsorbed mono-or multilayer and wall of pores. This is confirmed by a rapid increase of I 3 along with the increasing pressure at p/p 0 \ 0.2 when n-heptane layer on the surface of pores is formed. According to this interpretation the intensity decrease of the SLC component may be the result of structural rearrangement of the adsorbate molecules near the interface. This new molecule configuration is sustained during desorption.
The hysteresis observed for SLC pressure dependence demonstrates that the reconstruction of the smallest free spaces is irreversible at decreasing pressure. This is also the result of an unusual type of the porosity in the discussed silica gel, where mesopores of different sizes are ''closed'' by smaller silica particles of sizes comparable to sizes of small pores between them. The spherical silica particles are the product of SiO 2 nucleation and particle growth in the solution of desired pH. Their sizes are relatively small and of a broad particle size range from 1 to 2 nm (Roberts 2006) .
The sizes of the smallest pores determine the evacuation of the adsorbate from pores. Due to small diameters of the external opening of pores, evaporation and desorption take place at a low relative pressure. The specific configuration of silica species in the discussed sample is confirmed by the ''triangle'' type of the hysteresis in nitrogen adsorption experiment. It is worth noting again that in the adsorption experiment, when the amount of the adsorbate is registered instead of the free volume as in PALS measurement, the sequence of both the adsorption and desorption curve is different than in the case of SLC. Similar effect was observed for LLC component. The present results confirm the differences in the adsorption mechanism in the case of a different type of the pore network. The very narrow openings of pores over larger pores are the main reason that desorption is substantially delayed.
It should be mentioned that for Si-60 which porosity agrees with the type of the pore model: wide openingsnarrow pore interior, the hysteresis for all intensity components are close to the result obtained for the isotherm in N 2 adsorption experiment.
The smallest pores represented by the intensity I 3 at p/p 0 = 0 due to their extremely low dimensions are inaccessible for adsorbate molecules and remain empty even in the final stage of condensation in the pore interior (Zaleski et al. 2012b) . Additionally, small openings cause the formation of plugs or pore blocking at very low pressures and the appearance of the hysteresis loop for p/p 0 \ 0.2. This effect is not observed in the case of purely mesoporous material with wide openings.
Summary
The interpretation of the lifetimes and intensities of the o-Ps components derived from PALS spectra can provide a valuable information about the state of the adsorbate phase and the evolution of free volumes at successive stages of pore filling and emptying.
The dependences of o-Ps intensities for various groups of pores or free volumes on the pressure exhibit a similar shape of hysteresis as in the conventional adsorption experiment. The long-lived component of o-Ps lifetime spectra represent the evolution of free volumes in pore interior. The intensity of the medium-lived component follows satisfactory the amount of n-heptane condensed in pores. It reaches the maximum when all pores are completely filled with adsorbate. Some uncertainty is related to the shortest lifetime component. The very short lifetimes represent free volumes of dimension below 1 nm. On the basis of the presented data we suppose that SLC component in PALS experiment represents the free space between the liquid condensate inside pores and silica walls of pores. The rapid change of this component intensity near the saturated pressure may indicate the structural change of the adsorbate film being in contact with the silica surface. This molecular transition is irreversible in a wide pressure range, what results in the appearance of well-defined hysteresis. Part of free volumes represented by SLC should be assigned to the intermolecular voids presented in the silica skeleton. These free volumes are inaccessible of adsorbate molecules. However, their presence is characteristic for amorphous silica materials.
